Exposure of six wheat (Triticum aestivum L.) and one rye (Secale cereale L.) cultivar to 40% relative humidity for 24 hours induced the same degree of freezing tolerance in seedling epicotyls as did cold conditioning for 4 weeks at 2°C.
Desiccation stress is now recognized as able to induce freezing tolerance in winter wheat and rye (5, 11) and in other plants (2, 7, 9) . However, the degree of freezing tolerance conferred by this treatment is not as great as is that by conventional cold-conditioning. Recently, it was shown that freezing tolerance can be increased by changing the conditions of the drought to a 24 h, 40%o RH treatment ofendosperm-dependent seedlings at room temperature (12) , enabling us to obtain a high level of frost hardiness in seedling shoots of rye. Under these conditions, tissues do not reach equilibrium with respect to the imposed water stress, and, hence, different degrees of freezing tolerance are induced in different parts of the seedling, maximum freezing tolerance being induced in shoots. Questions arise as to whether freezing tolerance induced by desiccation is the same as that induced in the cold and if the same varietal relationship of freezing tolerance will be observed in desiccation-stressed shoots as is seen in the cold-hardened ones. If so, it will be possible to induce freezing tolerance in cereal varieties by drought instead of by cold, which will be much less demanding of time and equipment.
In this work, we report the degree of freezing tolerance induced by drought and cold in six varieties of wheat and one of rye and the correlation between the hardiness resulting from the two stresses. (to be unhardened or desiccation-stressed) or for 4 weeks at 2°C (to be cold-hardened). Seedlings were desiccation-stressed by placing them for 24 h at 21°C over H2SO4 solution of 40%o RH (12) and were reimbibed by immersion in tap water for 16 h.
MATERIALS AND METHODS
Frost Hardiness Evaluation. Seedlings were surface-dried by blotting over filter paper and were frozen in groups of five in Petri dishes. Cooling rates were 1°C/h from 0 to -21°C, and 3°C/h from -21 to -30°C. For lower temperatures, the seedlings were transferred directly from -30°C to the desired temperature. Samples were seeded with ice crystals at -3°C to avoid supercooling. Frozen samples were thawed at 2°C for 1 h. Survival of shoots or of excised epicotyls was then assessed by the following methods: (a) vital staining with neutral red followed by observation of protoplasmic streaming; (b) detection of ability to plasmolyze and deplasmolyze in salt solution (6) ; (c) greening in White's solution (13) + 1% Agar-Agar after 2 days at room temperature or in White's solution + 0.2% sucrose after 2 weeks at 2°C (epicotyls developing into a leaf); (d) measuring the relative release of amino acids (10) and; (e) manually evaluating the relative turgidity (personal assessment on a scale of 1-10). All assessments were performed in duplicate.
Water Content Determinations. Seedlings imbibed in tap water were surface-dried by blotting with filter paper. Water content was determined by weighing the seedlings before and after drying them at 55°C in a vacuum oven for 48 h.
RESULTS AND DISCUSSION
Changes in Water Status. When seedlings of winter wheat or rye were subjected to a desiccation stress of 24 h at 40o RH their moisture content decreased from 83% to 66%. After 16 h of reimbibition, they regained full turgidity. Their water content returned to 78.5% (Table I) .
Induction of Frost Hardiness. When subjected to a 24-h drought (40% RH), shoots of Puma rye hardened from -7°C to -14°C, as shown in Figure 1 . The temperatures here are those at which 50% of the cells were killed (LD5o). Three methods were used for survival assessments; greening of shoots in White's solution, manual measurement of relative turgidity, and amino-acid release were all in good agreement within each treatment. A fourth method, optical microscope observation of neutral red-stained epicotyl cells, gave different results in drought-stressed plants. Coleoptile cells showed the same LD5o as that in the whole shoot (coleoptile + epicotyl), but epicotyl cells hardened to a greater extent. As these tissues hardened to a different extent, the measured hardiness of the intact whole shoot was limited by the greater cold susceptibility of the coleoptile. Inasmuch as expression of maximum hardiness was being sought, epicotyl tissue was used as the material for further investigation. Microscopic observation, greening on Agar-Agar or in White's solution, and turgidity measurements were all in good agreement for hardened and unhardened epicotyls (Fig. 2) , but amino-acid releases were at variance with the other results. The level of amino acids released from desiccation-stressed seedlings was similar to that from controls (unhardened), whereas, at any freezing temperature, their LD5os differed greatly (results not shown).
Therefore, we assumed that amino-acid release was not closely indicative of the survival of epicotyl and resorted to other methods for assessing frost hardiness. The LD50s or epicotyls from unhardened, desiccation-stressed, and cold-hardened seedlings of Puma rye were -7°C, -67°C, and -62°C, respectively, with some epicotyls of desiccation-stressed seedlings surviving even in liquid N2 (Fig. 3) .
Relationship between Drought-and Cold-Induced Frost Resistance. We measured the LD50 for the six varieties of wheat using the same methods we have used for assessing the LD50 of rye epicotyls. Epicotyls from less hardy varieties (Cappelle-Desprez and Kent) hardened less than did those from hardier varieties (Fredrick, Rideau, Kharkov, and Puma rye), while 'Marquis' spring wheat did not harden at all (Table II ). An approximate linear relationship was observed between the frost hardiness of epicotyl and whole seedlings. LD5os values for whole seedlings were obtained from previous works (1, 3, 8 CLOUTIER AND SIMINOVITCH is almost the same in epicotyls from cold-or desiccation-stressed seedlings, suggesting that the two kind of stresses cause the plant to harden to a similar degree offreezing resistance. The correlation between drought-induced and cold-induced frost hardiness is very strong among the seven cultivars chosen. The correlation coefficient was 0.99. A similar degree of freezing tolerance can be induced in epicotyls either by a 24-h drought at 21°C or by a 4-week growth at 2°C. Almost the same degree of frost hardiness is expressed by each cultivar, whether induced by cold or by drought. This observation suggests that drought stress could be a promising method for rapidly cold-hardening wheat or rye seedling epicotyls for determining the relative frost hardiness of different wheat or rye cultivars. For example, if we plot the killing temperatures of epicotyls from desiccation-stressed seedlings versus the killing temperatures of cold-hardened whole seedlings, we will observe the following relationship between the two: the least hardy cultivar (i.e. Marquis) epicotyls do not harden at all, but hardier cultivar epicotyls harden about 4 times more than does the rest of the seedling. Therefore, our measurements of epicotyl frost hardiness greatly enhance the relative differences in frost hardiness of these cultivars, so that it enables discrimination to be made between small but definite differences in hardiness.
CONCLUSIONS
Calibration with a larger number of cultivars of known relative frost hardiness would be necessary, however, in order to increase the confidence level ofthe correlation between desiccation-stressed and cold-hardened seedling frost hardiness. Development of such a method should save much time and equipment in evaluating relative frost hardiness of different cultivars of wheat, rye, or other plants.
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